Ascidians are hermaphrodites releasing sperm and eggs simultaneously, but many species are self-sterile because of a self͞nonself-recognition system in sperm-egg interaction. Here, we show that a 70-kDa vitelline coat protein, HrVC70, consisting of 12 epidermal growth factor-like repeats, plays a key role in self͞nonself recognition during ascidian fertilization. We discovered that the amount of HrVC70 of the self-sterile mature oocytes is markedly higher than that of the self-fertile immature oocytes and that the selfsterile mature oocytes become self-fertile by acid treatment, which is able to release the HrVC70 from isolated vitelline coats. In addition, fertilization is strongly inhibited by the pretreatment of sperm with HrVC70 from a different individual, but not from the same individual, and the number of nonself sperm bound to HrVC70-agarose was significantly higher than that of self-sperm. A sequence analysis of HrVC70 disclosed that several amino acid residues in a restricted region are substituted at an individual level, with no identical sequences among the 10 individuals tested. Furthermore, genomic DNA analysis revealed that the epidermal growth factor-like domains correspond to the exons, and each intron is highly conserved among even-and odd-numbered introns, suggesting that multiple gene duplications or amplification of this region might have taken place during evolution. It was also found that diversity in cDNA sequences is derived from genomic DNA polymorphism probably elicited by crossing over and specific nucleotide substitutions. These results indicate that HrVC70 is a candidate allogeneic recognition molecule in the gamete interaction of the ascidian Halocynthia roretzi.
A scidians (Tunicata), which occupy a phylogenetic position between vertebrates and invertebrates, are hermaphrodites releasing sperm and eggs simultaneously during the spawning season. Many ascidian species, including Ciona intestinalis (1) (2) (3) (4) (5) (6) and Halocynthia roretzi (7) , are self-sterile because of the occurrence of a self-incompatibility system, or an allogeneic recognition system, in the interaction between sperm and vitelline coat. Although several candidate molecules involved in this process have been proposed (8, 9) , the mechanism of this recognition in ascidian fertilization is still unclear. Many studies show that immunoglobulins and the MHC are allorecognition molecules in vertebrates higher than cyclostomata (10) . However, the cognate molecules responsible for this recognition are not known for animals more primitive than the jawed vertebrates. The recent draft genome sequence of the ascidian C. intestinalis also revealed that there are no MHC or Ig genes in this species (11) .
In the early 20th century, T. H. Morgan first reported that C. intestinalis eggs are self-sterile when intact but not after removal of the vitelline coat (1) (2) (3) . He also found that the eggs become self-fertile by treatment with mildly acidic seawater or proteases (1) (2) (3) . Similar results were obtained in the solitary ascidian H. roretzi: treatment of the eggs with mildly acidic seawater (pH 2-3) or proteases is sufficient to allow self-fertilization (12, 13) . In addition, self-fertile immature oocytes become self-sterile during spontaneous oocyte maturation in this species (12, 13) .
Furthermore, it is reported that the acquisition of self-sterility during oocyte maturation is inhibited by proteinaceous and microbial trypsin inhibitors (13) . These results led us to propose that a certain egg-or follicle-cell-derived protein with allorecognition activity, which is produced by means of limited proteolysis by a trypsin-like protease, may be attached to the vitelline coat during the oocyte maturation and that this protein may be removed from the vitelline coat by mildly acidic conditions. To test this hypothesis, we attempted to compare the components of the vitelline coats isolated from immature oocytes with those from mature oocytes of H. roretzi. We found that the amount of a 70-kDa vitelline coat protein, HrVC70, in the vitelline coat was increased during oocyte maturation, and that this molecule was easily detached from the vitelline coat only under the acidic conditions, implying the involvement of this molecule in the ascidian allorecognition system. We previously reported that HrVC70 functions as a sperm receptor on the vitelline coat during fertilization of the ascidian H. roretzi and that this molecule is degraded by sperm ubiquitin͞proteasome system for the sperm penetration of the vitelline coat (14) . Here, we report that HrVC70 is not only a sperm receptor but also a candidate self͞nonself-recognition molecule in the gamete interaction of H. roretzi.
Materials and Methods
Collection of Animals and Gametes. The solitary ascidian H. roretzi type C (15), which is cultivated in Onagawa Bay, Japan, was purchased from fisherman and stored at Asamushi Marine Biological Station, Tohoku University (Aomori, Japan). The spawning of H. roretzi was induced by controlling the seawater temperature and light conditions (16, 17) . The mature and immature oocytes were collected as described (12-14, 16, 17) .
Isolation of Vitelline Coats and HrVC70 from Mature and Immature
Oocytes. Vitelline coats were isolated from freeze-thawed mature or immature oocytes of H. roretzi by homogenization and repeated pipette washing with 5-fold-diluted Ca 2ϩ , Mg 2ϩ -free artificial seawater, containing 90 mM NaCl, 2 mM KCl, 10 mM EDTA, 1 mM PMSF, 0.1 mg͞ml leupeptin, and 10 mM Tris⅐HCl (pH 8.0), on nylon mesh (pore size, 60 m) as described (14) . For the analysis of vitelline coat components, SDS͞PAGE was carried out as described (18). After electrophoresis, protein bands were stained with Coomassie brilliant blue R-250. For the isolation of HrVC70, isolated vitelline coats were extensively washed by centrifugation (12,000 ϫ g for 15 min) and resus-pended in Milli-Q (Millipore) water. HrVC70 was specifically extracted from the washed vitelline coat by treatment with 1-5 mM HCl for 10-30 min. The isolated HrVC70 preparation gave a single band with a molecular mass of 70 kDa on SDS͞PAGE.
Assay for Sperm Binding to HrVC70-Agarose. A portion (600 l, 50% suspension) of Protein A-agarose (Sigma) suspended in 50 mM Tris⅐HCl (pH 8.0) was mixed with 50 l of anti-HrVC70 antiserum. After incubation for 1 h at room temperature, the beads were washed repeatedly with the above buffer. To the antiHrVC70-immobilized agarose beads (100 l, 33% suspension), 1 mg of HrVC70 from three individuals was added. After incubation with gentle agitation for 1 h at room temperature, the agarose beads were washed three times with artificial seawater containing 50 mM N-tris(hydroxymethyl)methylglycine (Tricine) HCl (pH 8.0). Each HrVC70-immobilized agarose suspension was divided into three 200-l portions, to which 100 l of sperm suspension (OD 600 ϭ 5.0) obtained from three individuals was added. After incubation at 13°C for 30 min, 12 l of 25% glutaraldehyde was added to fix the sperm bound to HrVC70-immobilized beads. After incubation at 13°C for 15 min, the agarose beads were washed five times with the abovementioned Tricine-buffered seawater. The number of sperm bound to a single bead was counted by fluorescence microscopy after staining the sperm nucleus with 4Ј,6-diamidino-2-phenylindole.
Assay for the Effects of Pretreatment with HrVC70. Sperm and eggs were obtained from three individuals (A, B, and C), and the vitelline coats and HrVC70 were isolated individually as described above. Five hundred microliters of sperm suspension from individuals A and B (OD 600 ϭ 5.0) was treated with an equal volume of HrVC70 A or HrVC70 B suspension (2 mg͞ml) and incubated for 15 min at 13°C. The thus-treated sperm was mixed with egg suspension (Ϸ200 eggs) in buffered seawater, and the mixture was incubated at 13°C. At 1 and 2 h after insemination, the fertilization ratio was examined on the bases of the expansion of perivitelline space and first cleavage, respectively, as described (16, 17) .
RT-PCR and TA Cloning. Total RNAs were extracted and purified from the gonads of nine individuals by using a QIAEX II kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. From the isolated RNAs, cDNAs were amplified by RT-PCR (Extended High Fidelity PCR system, Roche Diagnostics) by using forward (5Ј-GAATTCGTGTTAGGTGTGGCGAAC-TACTGT-3Ј) and reverse (5Ј-GA AT TCTCGTCCTGC-TATATAATCTCCGTT-3Ј) primers containing an EcoRI site, which corresponds to Val-18-Cys-25 and Asn-661-Arg-668 (C terminus), respectively, according to the manufacturer's protocol. The cDNAs, thus amplified, were separated by 1% agarose gel electrophoresis, and a 2-kbp band was excised and the DNA was extracted with QIAEX II. The isolated HrVC70 cDNAs were subcloned in a pGEM-T Easy vector (Promega), and TA cloning was performed according to the manufacturer's protocol.
Isolation of Genomic Clones from Genomic Phage
Library. An ascidian sperm FIXII genomic DNA library (Stratagene), which was constructed by K. W. Makabe of Tokushima University (Tokushima, Japan) (19) , was donated by K. W. Makabe and N. Satoh of Kyoto University (Kyoto). The probe for screening the library was prepared by PCR (35 cycles; denaturation at 94°C for 1 min, annealing at 45°C for 1 min, and elongation at 72°C for 2 min) with a digoxigenin DNA labeling kit (Roche Diagnostics) by using a forward primer (5Ј-AGCCTGATACTTATTTC-CCCA-3Ј) specific for Ser-796-Pro-803 [zona pellucida (ZP) domain in HrVC120] and a reverse primer (5Ј-CGACTTACAA-GACCTCAACT-3Ј) specific for Glu-1017-Ser-1023 (ZP domain). Screening was carried out according to the manufacturer's protocol (see also ref. 14).
Extraction and Sequence Determination of DNA from an H. roretzi
Gonad. The frozen gonad was sliced into small pieces, then mixed with 400 l of lysis buffer [1ϫ lysis buffer (Applied Biosystems)͞ 0.5ϫ PBS͞2% SDS] and 16 l of 8 mg͞ml proteinase K. After gentle agitation at 55°C overnight, 2 l of 100 g͞ml RNase was added to the reaction mixture and incubated at 37°C for 1 h. Into this mixture, 200 l of pure water and 500 l of phenol were added, followed by incubation at room temperature for 30 min using a rotator. After centrifugation (500 ϫ g for 10 min), the resulting supernatant was mixed with 500 l of phenol. After agitation at room temperature for 15 min, the supernatant was obtained by centrifugation, and 500 l of chloroform͞phenol was mixed. After mixing for 10 min by using a rotator, the reaction mixture was subjected to centrifugation. The supernatant was mixed with 800 l of ethanol to precipitate DNA. By using this procedure, 25-100 g of genomic DNA was obtained.
Southern Blotting. The extracted DNA (5 g) was incubated at 37°C for 20 min with 5 g of restriction enzymes (15 units of EcoRI or XhoI). This reaction mixture was further incubated at 37°C for 10 h after the addition of 5 units of restriction enzymes. The digested fragments were subjected to agarose gel electrophoresis, followed by blotting and detection as described (14) .
Results and Discussion
It is reported that self-sterility in the eggs of H. roretzi is acquired during oocyte maturation and that the self-sterile mature oocytes become self-fertile by acid treatment (12, 13) . From these results, it is inferred that a candidate allorecognition molecule may be attached to the vitelline coat during oocyte maturation and that this molecule may be easily detached from the vitelline coat by acid treatment. To test this hypothesis, we first compared the components of the vitelline coats isolated from immature oocytes with those from mature oocytes of H. roretzi by SDS͞ PAGE. As shown in Fig. 1A , the content of a 70-kDa main component in the vitelline coat, which we designated as HrVC70 (14) , was markedly higher in mature oocytes than in immature oocytes (Fig. 1 A) . Furthermore, we found that HrVC70 is specifically extracted from isolated vitelline coats by a short (1-30 min) treatment with 1-5 mM HCl but not with neutral or alkaline solution (Fig. 1 A) . This finding suggests that the HrVC70 is soluble under mildly acidic conditions (pH of Ͻ3) but not under neutral or mildly alkaline conditions. Because the vitelline coat is physiologically insoluble in seawater (pH of Ϸ8.2), the above-mentioned feature of HrVC70 seems to be reasonable. We also found that acid-solubilized HrVC70 was able to associate and coprecipitate with the vitelline coat, which is a very sticky substance, by increasing the pH to 8.0, suggesting the reversibility in association of HrVC70 with vitelline coats (data not shown). Extraction efficiency of HrVC70 with 5 mM HCl was markedly higher than that with 1 mM HCl (Fig. 1 A) . Furthermore, we found that a short (1-min) treatment with 5 mM HCl-containing seawater was more efficient than that with 1 mM HCl-containing seawater to allow self-fertilization (data not shown). These results, together with our previous finding that HrVC70 has sperm receptor activity (14) , suggest that this molecule is instrumental in the acquisition of self-sterility in H. roretzi.
If HrVC70 is a bona fide allogeneic recognition molecule during ascidian fertilization, this molecule should be able to distinguish between self and nonself sperm. To address this issue, HrVC70 was immobilized to agarose beads, and the number of self or nonself sperm bound was counted. We found that the average number of nonself sperm bound to a certain individual-derived HrVC70-agarose bead was significantly higher than that of self sperm (Fig. 1B) .
As another test of the ability of HrVC70 to discriminate between self and nonself sperm, we compared the effects of pretreatments of sperm with self and nonself HrVC70 molecules on fertilization. Previous studies (9) on the binding ability of sperm to the vitelline coat in C. intestinalis showed inhibition by pretreatment with acid extracts of nonself eggs but not of self-eggs. In our studies, the inhibitory ability of nonself HrVC70 was stronger than that of self HrVC70 (Fig. 1C) . These results clearly indicate that HrVC70 is able to discriminate between self and nonself sperm. Although HrVC70 from the same individual can weakly inhibit fertilization, this result is not at variance with the result that sperm are able to weakly bind to, but not penetrate through, the vitelline coat of the eggs from the same individual, probably because of the sugar-mediated sperm-egg interaction (20) (21) (22) . As another possibility, it is considered that an additional protein(s) besides HrVC70 may also be involved in the strict allorecognition system during ascidian fertilization.
Epidermal growth factor (EGF)-like repeat-containing molecules such as Notch and Delta proteins are involved in cell-cell recognition and differentiation in neuronal cells (23) . In these molecules, a single amino acid substitution in an EGF-like repeat region in Notch protein leads to a drastic change in cell-cell recognition, occasionally resulting in Notch signaling diseases (23, 24) . Therefore, our next question relates to the molecular structure of HrVC70, which contains EGF-like repeats (14) , at the individual level. To access this issue, we amplified the HrVC70 mRNA by RT-PCR using RNAs isolated from the gonad of each individual as a template. The PCR products were subcloned in a TA cloning vector, and the nucleotide and deduced amino acid sequences of the isolated clones were determined. Because each individual showed one (individuals B-H) or two (individuals A and I) sequences, which are probably In experiment 1, the vitelline coat (Ϸ5 g each) was isolated from immature and mature eggs and subjected to SDS͞PAGE. Isolated vitelline coats from mature oocytes were treated with 1 mM HCl (a pH of Ϸ3) or 50 mM 3-morpholinopropanesulfonic acid (pH 8.0) for 1 min. After centrifugation (13,000 ϫ g for 10 min), the supernatant and pellet fractions were subjected to SDS͞PAGE and stained with Coomassie brilliant blue. The total amount of HrVC70 in the supernatant and pellet after treatment with 1 mM HCl was almost equal to the amount of HrVC70 in the pellet under the alkaline conditions, indicating that a certain amount of HrVC70 was extracted from the vitelline coat with 1 mM HCl. In experiment 2, vitelline coats (Ϸ3 g) from mature oocytes were treated with 5 mM HCl at 4°C for 30 min. After centrifugation, the supernatant and precipitate were subjected to SDS͞PAGE and stained with Coomassie brilliant blue. Under these conditions, a considerable amount of HrVC70 (Ͼ50%) was specifically extracted, whereas it was not extracted with 50 mM 3-morpholinopropanesulfonic acid (pH 8.0), even after prolonged incubation (30 min). VC, vitelline coat; sup, supernatant; ppt, precipitate. (B) Self and nonself sperm were incubated in seawater, including certain individualderived HrVC70-immobilized agarose beads. After washing with seawater, the bound sperm were fixed with glutaraldehyde, stained with 4Ј,6-diamidino-2-phenylindole, and the number of sperm bound to each HrVC70-bead was counted by fluorescence microscopy. The results obtained from three experiments by counting the number of sperm bound to 50 beads were expressed as mean Ϯ SE. (C) Sperm from individuals A and B were pretreated either with HrVC70 isolated from individuals A or B with 5 mM HCl and were added into the egg suspension of individual C. After incubation at 13°C, fertilization ratio was determined as described in Materials and Methods.
derived from allelic genes, one of the DNA sequences from each individual was depicted in Fig. 2 . Deduced amino acid sequences from nine individuals were compared with the sequence of a cDNA clone (clone no. 9) of HrVC70 (GenBank accession no. AB061740), which is isolated from a gt11 cDNA library (14) prepared from a different individual. As shown in Fig. 2B , it was elucidated that there is no identical sequence at an individual level. Furthermore, the amino acid replacement elicited by a single-nucleotide substitution was found to mostly reside in a connecting region between EGF-like domains (between the last Cys residue in each EGF domain and the first Cys residue of the next domain, i.e., between the 2nd and 3rd, 6th and 7th, 7th and 8th, 8th and 9th, and 9th and 10th domains) and also in the region between the third and fourth Cys residues in each EGF-like domain (in the 1st, 5th, 7th, 10th, and 11th EGF-like domains). Interestingly, these two regions in each EGF-like repeat, except for the second EGF-like domain, are significantly longer than those of the other EGF-like repeat-containing molecules such as Notch and Delta (see refs. 14-16). These features also imply that these extended regions may play a role in a particular biological phenomenon, including allorecognition.
In addition, a region between the first and second Cys residues also showed nonsynonymous (EGF-10) and synonymous (EGF-7, -8, and -10) polymorphisms in some minor cases. Interestingly, there was no variation in the nucleotide sequences of the 4th and 12th EGF-like domains among the individuals tested in this study (individuals A-I), clone no. 9 from a cDNA library, and two clones (nos. 2 and 3) from a genomic DNA library (see below). These highly conserved EGF-like domains may be crucial for the ubiquitination of HrVC70 [EGF-4 contains a ubiquitination site (14) ] and the C-terminal signal (EGF-12) in the HrVC70 molecule, which is thought to be important for molecular recognition between HrVC70 and its sperm ligand.
Whereas individuals B-H showed a single sequence, individuals A and I showed two sequences: allelic genes of individuals A and I, which are not illustrated in Fig. 2B , showed genetic polymorphisms of T431A (a1351g), S473S (t1479c), A494V (c1541t), and P496P (g1548a), and of P11P (c93a), T26N (c137a), A494V (c1541t), and P496P (g1548a), respectively. These polymorphisms were unique in nucleotide sequence but not in protein sequence: the allelic gene products of individuals A and I were identical to those of individuals D and F, respectively. Although 10 clones obtained from each individual (B-H) showed a single-nucleotide sequence, we may be able to detect cDNA clones derived from a different allelic gene by increasing the number of clones to be isolated and sequenced. Alternatively, transcriptional efficiency may be different in these alleles. These results led us to consider that the existence of at least one unique allelic gene product in HrVC70 may be sufficient for self͞nonself recognition in sperm-egg interaction.
Close inspection of HrVC70 sequences revealed that there is a limited number of variations in the sequences in each domain, rather than a random mutation or variation. There are at least three explanations for this outcome. The first possibility is that an alternative splicing may take place within a single EGF domain among a cluster of them. The second possibility is that a DNA rearrangement might occur, such as occurs in Ig genes during development (25) . The third possibility is that a homologous chromosomal recombination or crossing over between paternal and maternal chromosomes may frequently occur during meiosis by unknown mechanisms. To address this issue, we attempted to determine the genomic DNA sequence of the HrVC70 gene. By using an H. roretzi genomic DNA phage library, we isolated three genomic DNA clones (clone 1, Ϸ13 kbp; clone 2, Ϸ12 kbp; and clone 3, Ϸ14.5 kbp), among which two clones (clones 1 and 2) showed an identical sequence, albeit of a slightly different size (see Fig. 3 ). Therefore, two DNA sequences that encode the HrVC70 precursor protein HrVC120 were determined (Fig. 5 , which is published as supporting information on the PNAS web site). It is presently not known whether these DNA clones occupy the same locus in paternal and maternal chromosomes. However, because a single band was observed by Southern blot analysis using several restriction enzymes, including EcoRI and XhoI, the HrVC120 gene is likely to be a single copy (Fig. 3B and unpublished data) . Therefore, it seems most likely that two distinct genomic DNA sequences are derived from allelic genes. Sequence analysis indicates that HrVC120 consists of 22 exons, including 2 exons for a signal peptide, 12 exons for 12 EGF-like repeats corresponding to the HrVC70 region, and 4 exons for the ZP domain (a region homologous to the mammalian sperm receptor ZP3; see Figs. 3 and 5) . It was clearly demonstrated that each EGF-like domain corresponds to a single specific exon, and that the even-and odd-numbered EGF-like domains are mutually related not only to a consensus region in the amino acid sequence (see also ref.
14) but also in the length of exons (see Figs. 2, 3 , and 5, and Table  1 , which is published as supporting information on the PNAS web site). Because there is no cluster of exons corresponding to each EGF-like domain, together with the facts that the HrVC120 gene appears to be a single copy and only two allelic DNA sequences were amplified in the HrVC70 DNA region, the above-mentioned first and second possibilities seem unlikely. Dendrogram analysis showed that not only exons but also introns are highly homologous among the even-numbered exons͞ introns, and also among the odd-numbered exons͞introns (Fig.  6 , which is published as supporting information on the PNAS web site). These results imply that an HrVC120 gene was constructed by multiple gene duplication or amplification of a set of an odd-and even-numbered EGF-like repeat-containing gene (exon plus intron) during evolution.
Although we isolated two distinct clones from the genomic library of H. roretzi, these exon sequences were not identical to the PCR-amplified sequences in HrVC70 mRNA from the nine individuals tested. These results are reasonable because the genomic library was constructed from a different individual. Therefore, we next attempted to directly compare the sequences of mRNA and genomic DNA in a gonad of the same individual. To address this issue, we extracted the DNA from the gonad of individual C. A region between exon 7 (EGF-5) and exon 9 (EGF-7) was amplified and subcloned into a TA-cloning vector. We found that two DNA sequence patterns were observed in the genomic DNA sequence, one of which was identical to the nucleotide sequence of mRNA of individual C HrVC70 (see Fig. 2B ). These results indicate that the variety observed in the HrVC70 mRNA in a single individual is due to the diversity in the genomic DNA and not a transcriptional error or RNA editing, a process of posttranscriptional base modification or nucleotide insertion͞deletion occurring in a variety of organisms (26) .
In the present study, we demonstrated that the vitelline coat HrVC70 molecule, which contains 12 EGF-like repeats, is responsible for allorecognition in ascidian fertilization. A model of HrVC70-mediated allorecognition system during ascidian fertilization is illustrated in Fig. 4 . The amino acid substitution pattern at an individual level does not show a wide diversity.
Rather, it appears to be a combination of a limited number of variation patterns. If there is no crossing over or recombination during meiosis in a chromosomal locus of HrVC120, the same HrVC70 molecule would be transmitted to the next generation. However, to the best of our knowledge, there is no identical sequence in HrVC70 molecule at the individual level (see Fig. 2 ). In addition, there is no pair that is unable to discriminate each individual as nonself during fertilization. If the strict allorecognition observed in H. roretzi fertilization simply depends on the molecular diversity in HrVC70, there must be a special mechanism that will stimulate the frequency of crossing over within the HrVC120 gene. We assume that high homology observed in an intron region may be advantageous for such a crossing-over event. Further studies are necessary for elucidation of this process.
In Caenorhabditis elegans, a sperm transmembrane protein with 10 EGF-like repeats, Spe-9, is essential for fertilization (27) .
Moreover, recent studies demonstrated that an EGF-likerepeat-containing molecule (SED1) with discoidin domains, located in mouse sperm, is an important factor in fertilization (28) . These results indicate that sperm-derived EGF-like repeatcontaining molecules are involved in the fertilization of nematodes and mammals. As is in the case of Notch and Delta proteins, it seems likely that a sperm EGF-like repeat-containing molecule, such as Spe-9 homologue, is a candidate ligand for HrVC70. In connection with this idea, we cannot exclude the possibility that a nonprocessed HrVC70 precursor (HrVC120) possessing a single-transmembrane domain or the related gene product of sperm origin may be a recognition molecule to the vitelline coat-bound HrVC70, because it appears to be difficult for the other sperm protein to distinguish a subtle difference in the amino acid sequence of HrVC70. Although identification of the HrVC70 ligand in the ascidian sperm membrane will be necessary to entirely elucidate the self͞nonself-recognition system in ascidian fertilization, our present finding certainly sheds light on an allogeneic recognition system in the world of marine invertebrates.
